Phosphoenolpyruvate carboxylase (PEPC) [EC 4.1.1.31] has a highly conserved and unique sequence, 578-FHGRGGSIGRGGAP-591 (on Escherichia coli, PEPC), in which a GRGG motif is repeated twice with two intervening residues. Since previous chemical modification studies suggested the functional importance of arginine residues, the invariant Arg587 in this region was replaced with Ser, and the enzymatic properties of the resulting mutant enzyme (R587S) were investigated. Replacement led to virtual loss of the catalytic activity to form oxaloacetate. The specific activity was 37 nmol>min~1*mg~1, which corresponds to 2 X 10~4-fold the activity of the wild-type enzyme. However, the activity of bicarbonate-and Mg 2+ -dependent hydrolysis of phosphoenolpyruvate (PEP) to pyruvate appeared for the mutant enzyme with a specific activity of 2.1 /»mol-inin" 1 »mg~1. In view of the stepwise reaction mechanism proposed for PEPC, this activity can be attributed to impairment of the subsequent partial reaction ( Key words: arginyl residue, Escherichia coli, phosphoenolpyruvate carboxylase, reaction mechanism, site-directed mutagenesis.
(or guanosine 3'-diphosphate 5'-diphosphate), and longchain fatty acids, as well as by the inhibitors aspartate and L-malate (3) . In addition, non-physiological organic solvents such as dioxane and alcohols act as strong activators of this enzyme (4) .
Because PEPC utilizes HC0 3~, which is chemically less reactive than C0 2 , as a substrate, the mechanism of HC0 3 " activation to form the C-C bond has been the subject of many studies. Until recently the so-called "two-step reaction mechanism" had been widely accepted (5) (6) (7) (8) (9) . According to this mechanism, step one is a reaction that forms carboxyphosphate and the enolate anion of pyruvate (Pyr), and step two is a reaction that produces OAA and inorganic phosphate by nucleophilic attack of the enolate anion on the carboxyphosphate. However, O'Leary and his colleagues {10) recently proposed that the step-two reaction should be divided further into two partial reactions: reversible cleavage of carboxyphosphate to CO 2 and phosphate, and carboxylation of the enolate of Pyr by CO 2 . These respective reactions will be called the second and third partial reactions hereafter.
Impairment of either or both of the latter two partial reactions would lead to the accumulation at the active site of an unstable intermediate, carboxyphosphate, which would gradually be hydrolyzed by the attack of surrounding water. Because the first reaction requires HCO 3~, the overall hydrolysis reaction should be HCO 3~-dependent. This prediction has been confirmed by use of the PEP homolog phosphoenol a-oxobutyrate (7) and by studies of the mutant enzyme H138N, in which the His at position 138 was replaced by Asn {11). Much remains to be elucidated about the amino acid residues involved in the enzyme's catalytic function. Chemical modification studies suggested that the residues His {12), Cys (23), Arg (14) , andLys (25) were involved in this function. Since Cys is now known not to be conserved among PEPCs from various sources (26) , it presumably does not play an essential role in catalytic activity. Locations of the residues with the chemical modification on the primary structure have been assigned only for Lys (17) . Recent studies using site-directed mutagenesis have shown that the two conserved His at positions 138 and 579 (coordinates from the E. coli enzyme) both function in catalytic activity (11, 18) . We here report results of a site-directed mutagenesis investigation of the role of a conserved Arg. As noted previously, there is a highly conserved and unique region in all the PEPCs studied so far ( Fig. 1) (16, 19) . To obtain a clue to the functional role of this region, 578-FHGRGGSIGRGGAP-591 on E. coli PEPC, the replacement of Arg587 with Ser was undertaken in the present study.
MATERIALS AND METHODS
Materials, Bacterial Strains, and Plasmids-All materials and organisms were obtained as reported elsewhere {11, 18) . The E. coli strains used were DH1, TGI, PCR1, and F15. The latter two strains have no PEPC because of missense and deletion mutations at the gene for PEPC {ppc), respectively. The plasmids used were pS2, which carries the entire ppc gene of E. coli, pSH138N (11) , and pSR587S, which was constructed in this work.
Site-Directed Mutagenesis at Arg587-The 444-bp Sspl-SnaBI fragment which contains the coding region for Arg587 was excised from pS2 and subcloned into the Smal site of M13mpl8. The sequences of the mutagenic primer and the corresponding native sequence are Mismatches are shown by lower-case letters. The upstream mismatch represents the mutation which changes the codon for Arg587 to Ser. The downstream mismatch is for the synonymous mutation that introduces the new restriction site of Bbel (underlined) for selection. This mutagenic primer was kindly provided by Dr. H. Kojima (Ajinomoto). Mutagenesis was carried out by tbionucleotide incorporation with the "Oligonucleotide Directed in vitro Mutagenesis System. Version 2° (Amersham). The entire sequence of the mutated Sspl-SnaBI fragment was confirmed to have only the desired mutations. The mutated segment was liberated by digestion with £coT22I and SacH, then the 320-bp fragment obtained was cloned back to pS2 giving pSR587S.
Expression and Purification of the Wild-Type and Mutant Enzymes-The wild-type PEPC was expressed in E. coli PCR1 or F15 harboring the pS2 plasmid and purified as described elsewhere (20) . The R587S mutant enzyme was expressed in E. coli F15 harboring the plasmid pSR587S. The E. coli cells were cultured, after which the mutant enzyme was purified to homogeneity by a reported method (11) with minor modifications.
Assay of Enzyme Activity-Enzyme activity at 30"C was determined by a coupled spectrophotometric method (11) . The standard assay mixture contained, in a total volume of 1.0 or 0.1 ml, 20 mM potassium PEP, 10 mM KHCO 3 , 10 mM magnesium acetate, 0.1 mM NADH, 1.5 IU malate dehydrogenase, 0.1 MTris/acetate, pH 8.5, 2 mM CoASAc (an allosteric activator), and the enzyme. As the coupling agent for measurement of the activity of PEP hydrolysis, 1.5 IU lactate dehydrogenase (pig heart) was used instead of malate dehydrogenase. One unit of enzyme activity was defined as the activity oxidizing 1 //mol NADH/min. The protein concentration was determined by the Bio-Rad Protein Assay with crystalline bovine serum albumin as the standard.
RESULTS

Expression of the Mutant Enzyme-
The mutant E. coli cells lacking PEPC (ppc~) require glutamate for growth when cultured in the medium containing sugar or glycerol as a sole carbon source (11, 18) . When the plasmid pSR587S was tested for its ability to complement the phenotype of E. coli strain F15, a deletion mutant of the ppc gene (11), the transformant was unable to grow without supplement of glutamate. The results suggested that the R587S mutant enzyme has not enough activity to complement the phenotype of F15.
Cells of F15/pSR587S, therefore, were prepared by culture in a synthetic medium supplemented with 0.6 mM glutamate (11) . As judged by immunoblot analysis of cell extracts, mutant PEPC was expressed efficiently, and the molecular size of its subunit was the same as that of the wild-type PEPC (data not shown). When the enzyme activity in the crude extract was measured with an assay mixture containing 1.2 M dioxane instead of 2 mM CoASAc, only a small but significant amount of activity was detected. Specific activity was very low (less than 2 X10"* unit/mg protein) as compared with the activity in the extract from F15/pS2 which expresses the wild-type PEPC (2.47 units/mg protein).
Purification and Molecular Properties of the Mutant
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Enzyme-The R587S mutant enzyme was purified about 20-fold, with a yield of 30%, by a sequential procedure described previously (11) . As judged by SDS/PAGE, the preparation obtained was more than 95% homogeneous, and the subunit size was the same as that of the wild-type enzyme (data not shown). Analysis of the mutant enzyme by size-exclusion HPLC with a TSK G4000SW column (Tosoh) under non-denaturing conditions indicated that the tetrameric structure was not affected by the mutation. The mutant enzyme behaved differently from the wildtype enzyme during hydrophobic-interaction chromatography (Butyl-Toyopearl). The wild-type enzyme was eluted at the (NH 4 ) 2 SO < concentrations of 0.31 M in the absence and 0.51 M in the presence of 10 mM aspartate (an allosteric inhibitor), as previously reported (21); whereas, for R587S the corresponding concentrations were 0.32 and 
M as in the case of the H138N mutant enzyme (11).
Although the negligible effect of aspartate on the affinity of the mutant enzyme for the matrix made it impossible to use our effector-induced hydrophobic chromatography method for purification (21) , the change was not so large as to indicate gross conformational perturbation of the mutant enzyme. Kinetic Properties of the Mutant Enzyme-Because the catalytic activity of the mutant enzyme was very low, a large amount of enzyme (about 0.5 mg/ml or 10 4 -fold higher than that used for the wild-type enzyme) was used in the measurement. Figure 2 shows a comparison of the PEP saturation curves of the mutant and wild-type enzymes determined by the standard assay method. The maximum velocity of R587S was about 2xlO- 4 -fold that of the wild-type enzyme, and the half-saturation concentration (So.s) was about 20 times that of the wild-type. The kinetic parameters of the other reaction components, HC0 3~ and Mg 2 " 1 ", are given in Table I . Of the three ligands, the So.t value for HC0 3 " was increased most by mutation.
The pH profile of the activity measured in the presence of 20 mM PEP and 2.0 mM CoASAc was slightly affected by the mutation (Fig. 3) . The wild-type enzyme had a broad, flat peak and showed almost equal activity in the range from pH 7.0 to 9.0, while the mutant enzyme showed about 60 and 80% of the optimal activity at pH 7.0 and 9.0, respectively.
The mutant enzyme showed measurable activity only in the presence of activator. The saturation curve of each allosteric effector showed that the enzyme retained sensitivity to all allosteric effectors tested and, except for the activator CoASAc, their S^. B values were modified only slightly (0.7-to 3.5-fold) ( Table I) . Activation by Fru-1,6-P 2 could be measured only in the presence of other activators such as CoASAc or dioxane. The So* value of CoASAc was increased 25-fold by mutation. The mutant enzyme retained the sensitivity to the allosteric inhibitor, aspartate, but showed negative cooperativity for this ligand. These results suggest that Arg587 is not involved in a regulatory function, but rather in the catalytic function.
Hydrolysis of PEP by the Mutant Enzyme-The H138N mutant enzyme does not have normal catalytic activity to produce OAA but does show HCO 3~-dependent PEP-hy-
•Measured in the presence of 0.5 mM CoASAc. drolyzing activity yielding Pyr and orthophosphate (11) . Similar activity was detected for the R587S mutant enzyme. When Pyr-forming activity was assayed in a modified standard reaction mixture in which the coupling enzyme had been changed from malate dehydrogenase to lactate dehydrogenase, more than 50-fold the OAA-forming activity was detected. Namely, in the reaction mixture containing no activator, the OAA-forming activity was 1.8 XlO~3 unit/mg enzyme but the Pyr-forming activity was 0.17 unit/mg enzyme, and the respective activities in the presence of 2 mM CoASAc were 3.6 XlO" 2 and 1.95 unit/mg enzyme. The strong activation by allosteric effectors such as CoASAc or dioxane clearly indicated that the Pyr-forming reaction was caused by the action of the mutant PEPC. Furthermore, the requirement of HCO 3 " and Mg 2+ for the reaction was shown by the experiment without HCO 3 " or Mg 2 " 1 ": no Pyr-forming activity was observed in the absence of Mg 2 * and that in the absence of HCO3" was 5.7 X 10" 2 unit/mg, corresponding to about 3% of the activity determined by the standard assay method. The remaining activity is presumably due to trace amounts of HCO 3~ derived from the other reagents or the atmosphere.
Comparison of the Catalytic Properties of the Mutant Enzymes R587S and H138N Having Pyruvate-Forming
Activity-Because R587S as well as H138N showed weak Pyr-forming activity, the kinetic parameters of the two mutant enzymes were obtained for comparison. Assays were performed in a modified standard assay mixture in which the PEP concentration was 5 mM. The maximum Pyr-forming activities of R587S and H138N attainable at infinite concentration of PEP were 2.10 and 1.43 units/mg enzyme, respectively. The corresponding S0.5 values for PEP were 3.0 and 11.4 mM, those for HCO3-were 18 and 4.6 mM, and those for Mg 2 * were 2.0 and 8.7 mM, respectively. These values were about 10 to 75 times those of the wild-type enzyme measured for the OAA-forming activity (see Table I ). Closer comparison of the two mutants shows that the affinity for HCO 3~ was markedly decreased in the R587S mutant enzyme and that the affinities for PEP and Mg 24 " were markedly decreased in the H138N mutant enzyme, thus providing evidence that although these mutations at different sites have comparable maximum Pyr-forming activity, their detailed kinetic properties differ.
DISCUSSION
Sequence data for at least 18 PEPCs from various organisms, including their isoforms, are available (16) . The alignment of these sequences shows that the overall similarity ranges from 33 to 97% and that highly conserved segments are dispersed throughout the sequence (16, 22) . Eleven Arg residues are strictly conserved in all the PEPC sequences. These residues are thought to have important functions in catalysis or in the formation of higher-order structures. The Arg587 residue is of particular interest because it is located in 578-FHGRGGSIGRGGAP-591, the highly conserved sequence unique to PEPC (Fig. 1) . This region is presumed to form a flexible loop and to function in the binding of the anionic substrates PEP and HCO 3b ecause it has many Gly and two Arg residues. Ours is the first study to show that Arg587 is essential for catalytic activity. Although the repeated RGG or GRGG sequences in hnRNP U protein were shown to be involved in the binding to RN A (23), the role of the single GRGG sequence found in other enzymes such as aspartate kinase (24) and phospholipase A2 (25) remains to be elucidated.
Ausenhus and O'Leary (26) observed with the wild-type PEPC from Zea mays that the HCOr-dependent PEP dephosphorylation occurs at 3-7% of the OAA-forming reaction rate, even when PEP is used as the substrate. In contrast, in the case of the wild-type PEPC from E. coli this activity was too low to be measured accurately (less than 1% of overall reaction rate). However, for the mutant enzyme R587S the HCOr-dependent PEP dephosphorylating activity, which was about 60-fold its OAA-forming activity, was detected readily as was the case for H138N (11) . This activity is attributed to impairment of either or both of the second and third partial reactions defined in the Introduction. At present it is not clear which of these two reactions is impaired by the mutation. A labile intermediate carboxyphosphate, which is produced by the first partial reaction and accumulates at the active site, is considered to be slowly hydrolyzed by the attack of surrounding water. The importance of a hydrophobic microenvironment for the subsequent partial reactions was suggested previously by the results of experiments done with various PEP analogs and homologs (9, 27, 28) . In analogy to triosephosphate isomerase, in which the flexible loop protects the highly reactive intermediate enediol phosphate from attack by surrounding water (29), we speculate that the segment encompassing the 578th to 591st residues in E. coli PEPC forms a flexible loop and keeps the active site hydrophobic during catalysis by serving as a mobile lid. The replacement of Arg587 with Ser appears to impair this segment's putative function as a mobile lid. Furthermore, displacement decreased the affinity for the anionic substrates PEP and HCO 3 ". The most notable finding was that the affinity for HCO 3~ is more markedly affected than is that for PEP. The reverse trend was the case for the other mutant E. coli enzymes H579N, H579P (18) , and H138N (12) . Possibly Arg587 is involved mainly in the interaction with HC0 3~.
In the stepwise reaction model for PEPC catalysis, carboxyphosphate is the key intermediate whose formation must be demonstrated. Although previous attempts to trap this compound using phosphoeno/-a-oxobutyrate as the substrate homolog were unsuccessful (7), in recent experiments with the mutant enzyme H138N we succeeded in entrapping it (Terada, K. and Izui, K., unpublished data). Moreover, a recent study of maize-leaf PEPC demonstrated the formation of formylphosphate when formate was used as a homolog of substrate HCO 3~ (30) . Thus, various lines of evidence have been presented recently to provide support for the step-wise reaction model.
